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EFFECTS OF FOULING AND DEGRADATION ON GEOTECHNICAL BEHAVIOUR 
OF RAILWAY BALLAST 
S. S. Nimbalkar1, N. Tennakoon2, B. Indraratna3 
ABSTRACT 
Railways offer an efficient and economic transport mode in many countries including India, Australia, 
China and USA. Conventionally, rail tracks are placed on railway ballast due to several potential benefits, 
including economy (availability and abundance), rapid drainage and high shear strength (load bearing 
capacity). The understanding of the mechanisms of ballast fouling and particle breakage is vital for 
improved design and cost-effective maintenance. The ballast degradation is influenced by a number of 
factors including the loading characteristics (amplitude of cyclic loading, frequency, number of load 
applications andconfining pressure) and material specifications (particle size distribution, 
angularity,strength and fracture toughness). The ballast degradation is pronounced when it becomes 
fouleddue to intrusion of fines from spillage of wagons (e.g. coal) and pumped subgrade material (e.g. 
clay and silt). In severe circumstances, fouled ballast needs to be cleaned or replaced to maintain the 
desired load bearing capacity and the track alignment, all of which influence the level of safety and 
passenger comfort. In Australia, massive amount of funds have been invested in track maintenance on 
account of ballast fouling and degradation. By employing an effective maintenance strategy, the amount 
of quarrying can also be reduced with significant favourable environmental implications. In order to 
identify the risk associated with fouling, it is important to accurately assess the amount of ballast fouling. 
This is a challenging task in the view of different types and nature of plastic and non-plastic fouling 
materials prevalent in track practice. In this paper, the conventionally established methods used for 
evaluating the amountof ballast fouling were critically examined and a parameter, Void Contaminant 
Index (VCI) was proposed to measurethe quantityof different fouling materials on the volumetric basis 
instead of mass basis. A series of isotropically consolidated drained triaxial tests were conducted on both 
clean and fouled ballast with varying VCIusing a large scale cylindrical triaxial apparatus designed and 
built at the University of Wollongong (Fig. 1). A low range of confining pressures to resemble ‘in-situ’ 
track conditions was applied. Based on the laboratory findings, an empirical relationship between the 
peak deviator stress and VCI is proposed to assist the railway practitioners for preliminary track 
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assessment and in the mitigation of the risk associated with ballast fouling and degradation. A non-linear 
shear strength envelope for fouled ballast is presented in a non-dimensional form, based on the proposed 
empirical equations. These results quantifying the geotechnical behaviour of clean and fouled ballast on 
the micro and macro scale are described in the paper. This theme lecture presentsan assessment the 
geotechnical behaviour of clean and fouled ballast through thelaboratory studies conducted at Centre for 
Geomechanics and Railway Engineering ofthe University of Wollongong. 
Figure 1. Large-scale cylindrical triaxial apparatusdesigned and built at University of Wollongong, 
Australia 
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ABSTRACT:Conventionally, rail tracks are positioned on ballast due to economy, rapid drainage and high shear 
strength. However, the ballast becomes fouledand degraded as track ages. In order to identify the risk associated 
with fouling, it is important to accurately assess the amount of fouling using volume based parameter, Void 
Contaminant Index (VCI). A series of isotropically consolidated drained triaxial tests using a large scale triaxial 
apparatus were conducted on both clean and fouled ballast with varying VCI to establish the relationship between 
the amountof fouling and the strength-deformation characteristics. Based on the laboratory findings, an empirical 
relationship between the peak deviator stress and VCI is proposed to assist in preliminary track assessment. Based 
on laboratory findings, a non-linear shear strength envelope for fouled ballast is presented. 
INTRODUCTION 
A conventional ballasted railway track contains 
superstructure underlain by substructure. The track 
superstructure consists of rail, fastening systems 
and sleepers. The track substructure consists of 
artificially compacted granular media (ballast, 
subballast) and natural subgrade. Ballast is the 
largest component of a rail track in terms of weight 
and volume. It is designed to perform intended 
functions as: (a) resistance to transverse and 
longitudinal forces from trains, (b) distribution 
oftraffic induced stresses to protect subgrade and 
(c) provision of resiliency to absorb dynamic 
loading. However, they contribute the majority of 
settlement compared to other substructure layers 
[1]. This large settlement is attributed to large 
lateral deformations as a result of insufficient 
lateral track confinement, fouling of ballast by coal 
from freight trains and by clay due to pumping of 
soft formation soils, as well as particle breakage 
[2-7].Thus the compressibility of the ballast layer 
becomes serious concern leading to track 
instability and frequent costly maintenance.  
Around 76% of ballast fouling originates from 
fracture and abrasion of ballast particles[8]. Other 
sources include 13% of infiltration from subballast, 
7% infiltration from surface ballast, 3% from 
subgrade intrusion, and 1% from sleeper wear [1]. 
However, In Australia, coal and breakage of ballast 
aggregates contributes to 70-95% and 5-30% of 
fouling respectively [9]. When ballast is fouled due 
to intrusion of fines from external sources, 
significant changes in the pore structure of the 
ballast layer occur resulting into reduced particle 
interlock [10]. Also, the increased fines content 
may lead to excess pore water pressure generation 
upon saturation, threatening the overall track 
stability [11].  
Few studies in the past have been reported the 
adverse effects of coal fouling [4, 12] and clay 
fouling [3, 13] on the shear behavior of ballast. 
This paper presents the findings of a series of 
isotropically consolidated monotonic triaxial 
shearing tests in order to study the effects of coal 
and clay fouling on the behavior of railway ballast. 
A large-scale cylindrical triaxial apparatus 
designed and built at the University of Wollongong 
was used. An assessment of ballast fouling using 
various mass based and volume based parameters 
is also presented. 
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BALLAST FOULING MEASUREMENTS 
Fouling material is defined as the material passing 
the 9.5 mm [3/8"] sieve [1]. Several fouling indices 
are used in practice for measurement of fouling. In 
USA, typical ballast sizes ranging from 4.76 mm to 
51 mm are used in railways. Considering this, the 
fouling index (FI) is defined as [1]: 
FI = P0.075 + P4.75                                           (1) 
where,P4.75 is percentage by mass of material 
passing the 4.75 mm [No. 4] sieve and P0.075is 
percentage by mass of material passing 0.075 mm 
[No. 200] sieve.The percentage of fouling (PF),can 
also bedefined as [1]: 
f
b f
MPF 100
M +M
   (2) 
where,Mf is the dry mass of fouled material passing 
9.5 mm sieve and Mb is the dry mass of  ballast 
aggregates after removing the fouling material (i.e. 
clean ballast). 
In Australian Railways, ballast particles of sizes 
varying from 13.2 mm to 63 mmare generally used 
[14, 15]. In view of this, the Fouling Index is 
revised to suit the Australian Rail Track conditions 
as [16]: 
FIP = P0.075 + P13.2  (3) 
where, P13.2 is percentage by mass of material 
passing the 13.2 mm sieve. Based on the particle 
size distribution analysis of fouled ballast samples, 
it was observed that intrusion of fines caused 
significant variation in D10 in contrast to that in 
D90. Thus, the Fouling Index is modified as [16]: 
10
90
D D
D
 FI 
(4) 
where, D90 is particle size corresponding to 90% 
finer while D10 is an effective size. However, all 
the above mass based indices give a false 
measurement of fouling, when the fouling material 
has a different specific gravity. The Percentage 
Void Contamination (PVC) is expressed as [9]: 
100
V
V PVC
1
2 
(5) 
where, V1 is volume of voids in the ballast, and V2 
is the total volume of compacted fouling material.  
However, PVC does not consider the effect of void 
ratio, gradation and specific gravity of fouling 
material. Also, the volume of fouling material 
needs to be calculated after compacting using 
standard Proctor method. This does not represent 
the correct volume of fouling in the real track 
environment. Therefore, a new parameter, Void 
Contaminant Index (VCI) is proposed to 
incorporate effects of void ratio, specific gravity 
and gradation of fouling material and ballast [17]. 
1
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where, eb is void ratio of clean ballast, ef is void 
ratio of fouling material, Gsbis specific gravity of 
ballast material, Gsfis specific gravity of fouling 
material, Mb is dry mass of clean ballast, and Mf is 
dry mass of fouling material.  
Defining the volume fractions Fb = Vb /VT ,Fcf = Vcf 
/VT for the fresh ballast and the clay fines 
respectively, Eq. (6) is rewritten as [4]: 
100
1
cf cf
b
F
VCI
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
 

  (7) 
where,Vcf is the volume of fouling material, ecf and 
cf = 1 + ecf are the void ratio and the specific 
volume of the fouling material, respectively. In 
computing Fb and Fcf, Vb is the volume of ballast 
and VT is the total volume of fouled ballast. 
Fig. 1Correlation between fouling indices and VCI 
for various percentages of coal fouling. 
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The specifications of clean ballast vary widely 
throughout the world thus implying significant 
changes in void ratio, specific gravity and 
gradation of clean ballast. Also, the void ratio, 
specific gravity and gradation characteristics of 
fouling material depend on type of fouling 
materials such as sand, silt, clay and coal fines. 
VCI can take into account all such variations as 
shown in Fig. 1. In the current study, VCI is used 
to measure the amount of coal fouling. 
BALLAST FOULING CLASSIFICATION 
For railway ballast, four possible states of fouling 
can be identified (see Fig. 2). Case (i) shows a 
clean ballast sample (VCI = 0) with well-
established contacts between aggregates 
sufficiently to carry the load. In Case (ii), fouled 
ballast exhibits partial fouling (100 >VCI> 0) 
whereas in Case (iii), fouling material completely 
fill the voids (VCI = 100).  
 (i) Clean ballast  (ii)   Partially 
 fouled ballast 
(iii) Fully fouled  (iv) Heavily fouled 
Fig. 2Ballast fouling classification(data 
sourced from Nimbalkar et al. [11]). 
During Cases (ii) and (iii), it is believed that coarse 
grain contacts play a primary role in the soil’s 
shear response and coal fines offer a secondary 
contribution. During case (iv), due to the excessive 
amount of fouling, the fine grains actively 
participate in the internal force chain by separating 
the coarse grains and supporting the coarse grain 
skeleton (VCI> 100). In normal railway practice, 
case (iv) is expected to be rare, while cases (ii) and 
(iii) are common. 
EXPERIMENTAL WORK 
Testing Apparatus 
A large scale triaxial apparatus designed and built 
at the University of Wollongong was used in the 
current study (Fig.3).  
Fig. 3Large-scale cylindrical triaxial apparatus. 
This apparatus can accommodate a specimen of 
600 mm in height and 300 mm in diameter. As the 
ratio of test specimen to maximum particle size 
(dmax = 63 mm) approaches 6, the sample size 
Frame 
Apparatus 
Load actuator 
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effect becomes negligible. Also a length to 
diameter ratio of 2 ensures minimum influence of 
end constraints on test results [18].  
Material Characteristics 
The fresh ballast used in the present investigation 
is latite basalt, a common volcanic igneous rock 
located in the south coast of Australia. The ballast 
particles represent sharp angular coarse aggregates. 
The pulverised coal and commercial kaolin was 
used to simulate coal and clay fouling, 
respectively. Table 1 shows the particle size 
characteristics of fresh ballast and the fouling 
materials used in the current study. 
Table 1Grain size characteristics of fresh 
ballast,pulverised coal and clay. 
Type dmax d50 Cu Cc Gradation 
Fresh 
Ballast 63.0 35.0 1.6 1.0 
Very 
Uniform 
Pulverised 
Coal 9.5 3.0 14.6 1.7 
Well-
graded 
Clay 0.07 0.002 - - - 
Note:  dmax= maximum particle size in mm, d50 = 
median particle size in mm, Cu = coefficient of 
uniformity, Cc = coefficient of curvature. 
Figure 4 shows the particle size distribution of 
fresh ballast and coal fines, within the given range 
of ballast specifications (AS 2758.7: 1996). 
Fig. 4Grain size characteristics of fresh 
ballast,pulverised coal fines and clay fines. 
Sample Preparation for Coal-fouled Ballast 
The pulverised wet coal fines were added at the top 
of each layer ensuring uniform distribution within 
the ballast specimen with an aid of vibration. The 
specimen was prepared in six separate layers.Each 
layer was then compacted with a handheld vibrator 
to simulate in-situ density (b = 15.3 kN/m3; eb = 
0.72 - 0.74) representative of a typical heavy haul 
track in Australia. A rubber pad (4 mm thick) was 
used to minimise the risk of breaking sharp corners 
and edges of ballast during compaction produced 
by a vibrating plate.  
Sample Preparation for Clay-fouled Ballast 
The amount of clay needed for predetermined VCI 
was calculated for each test specimen. Then a 
quarter of the clay mixture was mixed with a 
quarter portion of ballast using the concrete mixer, 
and then placed inside the upright cylindrical 
membrane in preparation mould.  The moisture 
content of clay ( = 52%) during mixing was 
slightly larger than the liquid limit (L). A 
vibrating plate was used to compact the specimen 
following the sequential procedure as explained 
before for the subsequent layers.  Based on visual 
inspection, fouling material coating the entire 
surface area of ballast was ensured during and after 
the mixing process in the concrete mixer. 
Test Procedure 
An internal suction of 0.3 kPa was applied to 
ensure stability during the transfer of the specimen 
to the interior of the triaxial chamber. After 
preparing the test specimen, the outer chamber was 
placed and connected to the axial loading actuator. 
For all the tests, back pressure of 50-80 kPa was 
applied to obtain sample saturation with 
Skempton’sB value approaching unity (B> 0.98). 
These specimens were then isotropically 
consolidated to a net confining pressure (3 = 10-
60 kPa) that is representative of field conditions.  
For monotonic loading the strain controlled test 
condition was adopted. Triaxial drained 
compression tests were conducted at an axial strain 
rate of 0.6% per minute, which allowed dissipation 
of excess pore water pressure. Upon completion of 
a test, the sieving procedure was repeated and the 
extent of breakage was evaluated. During testing, 
the required membrane correction was carried out 
considering 7 mm thickness of cylindrical rubber 
membrane [19]. 
RESULTS AND DISCUSSION 
The strength and deformation characteristics were 
investigated for both clean and fouled ballast at 
various stages of fouling. 
Deviator Stress-strain Behaviour 
During monotonic triaxial testing of ballast, it is 
customary for loading to continue until a certain 
predetermined value of axial strain (a = 28%) has 
been obtained. In large granular specimens, no 
distinct failure plane is observed; instead, failure is 
usually accompanied by specimen ‘bulging’. As 
expected, the highest peak deviator stresses are 
obtained for the clean ballast at all confining 
pressures (see Fig.5a & b).  
Fig. 5(a)Stress-strain behaviour of coal-fouled 
ballast at effective confining pressure(3) of 30 
kPa (data sourced from Indraratna et al. [4]). 
Fig. 5(b)Stress-strain behaviour of coal-fouled 
ballast at effective confining pressure(3) of 60 
kPa (data sourced from Indraratna et al. [4]). 
As expected, when the confining pressure (3) is 
increased from 30 to 60 kPa, the peak deviator 
stress and the initial deformation modulus 
increased for clean ballast and coal-fouled ballast. 
The coal-fouled ballast that contains both coarse 
gravel-sized rock (ballast) particles and fine-
grained (coal) particles exhibited reduced shear 
strength (i.e. peak deviator stress) with the increase 
in VCI. Moreover, the stress-strain curve of clean 
ballast (VCI = 0%) indicates a distinctly prominent 
strain-softening behaviour, whereby significant 
coal fouling (VCI = 50%) shows an increasingly 
more ductile post-peak response. 
Figure 6a and b illustrate the stress-strain 
behaviour of clay-fouled ballast (VCI = 10 & 80%) 
in contrast to fresh ballast (VCI = 0%) at increasing 
confining pressure.  As expected when VCI 
increases, the peak deviator stress decreases 
significantly. The significant clay fouling (VCI = 
80%) shows an increasingly more ductile post-peak 
response. 
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Fig. 6(a)Stress-strain behaviour of clay-fouled 
ballast at effective confining pressure(3) of 30 
kPa (data sourced from Indraratna et al. [3]). 
Fig. 6(b)Stress-strain behaviour of clay-fouled 
ballast at effective confining pressure(3) of 60 
kPa (data sourced from Indraratna et al. [3]). 
Volumetric Strain Behaviour 
Figure 7 (a & b) shows the variation of volumetric 
strain with the axial strain for varying VCI and 
increasing confining pressure for coal-fouled 
ballast. As expected, the increase in 3 from 30 to 
60 kPa significantly suppresses dilation of all 
specimens. The measured response of coal-fouled 
ballast specimen is best interpreted by looking at 
the compression zone and the dilation zone 
separately.  
In the compression zone, the increasing VCI 
generally shows an increased compression 
compared to the clean ballast. This may be 
attributed partly to the wet coal fines those are 
coating the ballast particles as a lubricant, thereby 
facilitating the specimens to attain a slightly higher 
compression and partly to compressibility of coal 
matrix achieved as a result of crumbling of soft 
crushable coal particles during monotonic shearing. 
Fig. 7(a)Volumetric strain behaviour of coal-
fouled ballast at effective confining pressure(3) of 
30 kPa (data sourced from Indraratna et al. [4]). 
In the dilation zone, the highly coal-fouled 
specimen shows a decrease in the rate and 
magnitude of dilation at axial strain exceeding @ 
15%. Intuitively, it may be argued that the addition 
of pulverised coal fines in sufficient quantities may 
contribute to a ‘lubricating’ effect that diminishes 
the tendency of the ballast aggregates to dilate. 
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Fig. 7(b)Volumetric strain behaviour of coal-
fouled ballast at effective confining pressure(3) of 
60 kPa (data sourced from Indraratna et al. [4]). 
Figure 8a and b show the volumetric strain changes 
with the axial strain for varying levels of fouling 
and increasing confining pressure for clay-fouled 
ballast. In the compression zone (plotted as 
positive values), the increasing VCI generally 
shows a reduced compression of the clay-fouled 
specimen as the voids between the ballast grains 
are occupied by clay acting as void filler. 
Nevertheless, in the case of VCI = 10%, an 
exception is observed for all three specimens (at 3 
= 10, 30, 60 kPa) indicating a slightly increased 
compression compared to their fresh ballast 
counterparts. This may be attributed to the small 
amount of clay that is coating the ballast grains as a 
lubricant, thereby facilitating the specimens to 
attain a slightly higher compression.  
With respect to dilation, the highly clay-fouled 
specimens show a decrease in the rate and 
magnitude of dilation at axial strains exceeding @ 
20%, while the increase in 3 from 10 to 60 kPa 
significantly suppresses dilation of all specimens. 
The addition of kaolin in sufficient quantities 
appears to contribute to a ‘binding’ effect that 
diminishes the tendency of the aggregates to dilate. 
Moreover, the specimens that are highly fouled 
(VCI = 80%) begin to dilate swiftly at a lower axial 
strain after showing a reduced compression 
initially compared to clean ballast. 
Fig.8(a)Volumetric strain behaviour of clay-fouled 
ballast at effective confining pressure(3) of 30 
kPa (data sourced from Indraratna et al. [3]). 
Fig.8(b)Volumetric strain behaviour of clay- 
fouled ballast at effective confining pressure(3) of 
60 kPa (data sourced from Indraratna et al. [3]). 
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Ballast Particle Breakage 
The extent of ballast breakage was analysed by 
carrying out pre-test and post-test PSD analyses. 
The breakage was evaluated using Ballast 
Breakage Index,BBI [20]. It is evident from Table 
2 that small size coal particles trapped between 
coarse ballast aggregates would have a cushioning 
effect to thwart the harsh attrition between rough 
and angular particles thereby reducing high contact 
stresses and associated particle degradation. The 
ballast particles experience less breakage at higher 
values of VCI. Nevertheless, the benefits of 
reduced ballast degradation are offset by the drop 
in shear strength as the degree of fouling increases.  
Table 2 Assessment of breakage of ballast 
aggregates during triaxial loading [3,4]. 
Test 
no. 
Description Ballast breakage 
index (BBI) 
1 Clean ballast (VCI = 0, 
3 = 30 kPa) 
0.048 
2 Clean ballast (VCI = 0, 
3 = 60 kPa) 
0.068 
3 Coal-fouled ballast (VCI 
= 25, 3 = 30 kPa) 
0.035 
4 Coal-fouled ballast (VCI 
= 25, 3 = 60 kPa) 
0.050 
5 Coal-fouled ballast (VCI 
= 50, 3 = 30 kPa) 
0.030 
6 Coal-fouled ballast (VCI 
= 50, 3 = 60 kPa) 
0.043 
7 Clay-fouled ballast (VCI 
= 25, 3 = 30 kPa) 
0.087 
8 Clay-fouled ballast (VCI 
= 25, 3 = 60kPa) 
0.093 
9 Clay-fouled ballast (VCI 
= 50, 3 = 30 kPa) 
0.074 
10 Clay-fouled ballast (VCI 
= 50, 3 = 60 kPa) 
0.082 
Coal Particle Breakage 
The extent of coal breakage was analysedin the 
similar manner as discussed in earlier section. It is 
shown in Table 3 that small size coal particles gets 
more pronounced breakage compared to coarser 
ballast aggregates. Coal particlesalso undergo more 
breakage at higher confining pressures. Thus, the 
degradation of both coal and ballast particles 
severely influences the compressibility of fouled 
specimens. 
Table 3 Assessment of breakage of coal particles 
during triaxial loading [4]. 
Test 
no. 
Description Ballast breakage 
index (BBI) 
1 Coal-fouled ballast (VCI 
= 25, 3 = 30 kPa) 
0.036 
2 Coal-fouled ballast (VCI 
= 25, 3 = 60 kPa) 
0.058 
3 Coal-fouled ballast (VCI 
= 50, 3 = 30 kPa) 
0.075 
4 Coal-fouled ballast (VCI 
= 50, 3 = 60 kPa) 
0.121 
Normalised Peak Shear Strength Envelope 
The peak deviator stresses measured during triaxial 
testing on fouled ballast can be related to levels of 
fouling. Table 4 presents the peak deviator stress 
with VCI. 
Table 4 Variation of peak deviator stress (qpeak,f) 
with VCI for clean and fouled ballast [3,4]. 
VCI, % 
peak deviator stress (qpeak,f), 
kPa at confining pressures (3) 
30 kPa 60 kPa 
0 (clean ballast) 340 470 
50 (Coal fines) 290 415 
50 (Clay fines) 382 560 
The following relationship that represents the 
normalized shear strength of fouled ballast may be 
used in the preliminary assessment of track 
conditions in view of track maintenance: 
 VCIq
q
bpeak
fpeak


1
1
,
, (8) 
where, qpeak,b and qpeak,f are peak deviator stresses 
for fresh and fouled ballast respectively;  is an 
empirical parameter.A non-linear shear strength 
envelope for fouled ballast can be presented in a 
non-dimensional form: 
n
c
n
c
f m 










 , (9) 
where, f, n and care shear stress, effective 
normal stress and uniaxial compressive strength of 
the parent rock (130 MPa).  m and n are empirical 
coefficients which vary with VCI.  The values of m 
and n in Equation (9) can be established by best fit 
(regression) analysis as discussed elsewhere [3]. 
PRACTICAL IMPLICATIONS 
It is amply illustrated from results in earlier 
sections that coal as well as clay fouling has 
significant implications on the performance of 
railway ballast.  The peak deviator stress is an 
important parameter for ballast and it is influenced 
by the amount of fouling (VCI).   
For a given particle size distribution of ballast, if 
the appropriate reduced peak deviator stress is not 
appropriately determined on the basis of the 
anticipated fouling levels, this may over-predict the 
track bearing capacity. Therefore, an accurate 
assessment of the stress-strain-degradation 
characteristics of coal-fouled and clay-fouled 
ballast is highly beneficial for executing better 
maintenance and operation schemes forrailways. 
CONCLUSION 
Railway ballast becomes contaminated or fouled 
due to the due to intrusion of coal fines from 
freight wagons as well as infiltration of subgrade 
fines such as clay.  Excessive fouling of ballast 
may cause differential settlements and rapid 
deterioration demanding track maintenance.  In this 
paper, a series of isotropically consolidated drained 
monotonic triaxial tests using a large scale 
cylindrical triaxial apparatus were conducted on 
clean and fouled ballast. 
A volume based parameter, Void Contaminant 
Index (VCI) that can adequately capture the extent 
of fouling compared to other mass based indices 
was considered. Increased VCI would cause 
considerable decrease in the shear strength (peak 
deviator stress) of ballast. The overall volumetric 
response of the fouled specimens remained 
compressive which could be attributed to the 
lubrication effect. It was also observed that 
excessive fouling (VCI = 50%) decreased both the 
rate and magnitude of dilation. With the increase of 
fouling, the ballast particles experienced less 
breakage. This could be attributed to the 
‘cushioning’ effect of fouling materials that assists 
in the reduction of very high inter-particle contact 
stresses. Although reduced breakage is beneficial, 
excessive reduction in shear strength due to fouling 
can have adverse implications on track stability. 
Based on the laboratory test findings, a novel 
empirical relationship between the peak deviator 
stress and VCI is proposed.  A non-linear shear 
strength envelope for fouled ballast is introduced in 
view of the preliminary track assessment. 
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